The influence of morphology on the photophysical properties of blend films containing in situ grown CdS and poly(3-hexylthiophene-2,5-diyl) (P3HT), fabricated utilising a metal xanthate single source precursor, is reported. A combination of transient absorption spectroscopy (TAS), transmission electron microscopy (TEM) and photovoltaic device measurements are employed to study the relationship between the efficiency of charge separation, photocurrent generation and thin film morphology. We identify that a significant proportion of the extractable charge originates from the direct excitation of CdS followed by hole-transfer to the P3HT polymer. The yield of this hole-transfer step from the inorganic CdS to the organic polymer is largely unaffected by the film's nanomorphology, while the dissociation of P3HT excitons into free charges at the CdS:P3HT interface is found to be strongly dependent on this parameter with high yields of charge transfer only being achieved at high CdS loadings. The present study elucidates design rules for the optimization of hybrid inorganic-organic solar energy conversion devices.
Introduction
Interest in the development of hybrid solar cells has been growing in recent years, due to a desire to develop exible, solution-processable, cost-effective devices that incorporate the attractive properties commonly associated with both inorganic and organic semiconductor materials.
1-3 Work on hybrid solar cells, to date, has utilised a variety of inorganic materials in conjunction with organic semiconductors, within the active layer, such as CdS, PbS, CdSe, CuInS 2 , and ZnO. [3] [4] [5] [6] [7] Fig . 1 shows the main electronic processes occurring in a hybrid solar cell. The efficient operation of such hybrid solar cells critically depends on the ability to achieve a high yield of photoinduced charge generation at the inorganic-organic heterojunction. One limitation to achieving these high yields has been the electron transfer from an excited-state of a donor polymer to an inorganic electron acceptor material (Process 2). The excited state in organic semiconductors is well known to be strongly bound and suffer from short diffusion lengths which dictate the ideal nanostructures that will facilitate efficient charge photogeneration and device performance. 8 It is commonly considered that the charge generation yield in hybrids can be mitigated through altering nanomorphology of the photoactive layer such that excited states are generated within a distance of the charge separating interface shorter than the diffusion length of that excited state. In addition, recent research has shown that interfacial energetics and local crystallinity can play a key role in determining the efficiency of long-range charge pair generation at hybrid inorganic-polymer heterojunctions.
Optimal incorporation of inorganic structures into solution processed polymer solar cells will inevitably involve their use as light absorbers along with the organic component in order to maximise the absorbing potential of the lm. Here, charge separation can be achieved by a photo-induced hole-transfer reaction from the inorganic absorber to the polymer semiconductor (Process 3). 10 However, in systems where both active layer components may generate free charges the focus has usually been on the behaviour of excited states formed within the organic component. Moreover, it is well known that the behaviour of the excited state in inorganic crystals is governed less by a strong coulombic interaction. 11, 12 Hence, in a nanostructured blend, the hole transfer process is therefore likely to exhibit different dependence on lm morphology to that of the electron transfer from polymer. However, studies addressing the inuence of morphology on the relative yields of electron and hole transfer at inorganic-organic heterojunctions remain limited.
In this paper, we present a comprehensive study of the inuence of composition ratio and morphology of in situ grown CdS:P3HT blends on the photophysical properties of lms and devices. We have studied the charge generation for the different blend ratios at different wavelengths by both photoluminescence (PL) and transient absorption spectroscopy (TAS), such that we can distinguish charges generated from excitation of the organic and inorganic component. Charge yields from each component show a different dependence on composition and morphology. We show that the yield of electron transfer (Process 2, Fig. 1 ) is strongly dependent on lm morphology whereas the yield of hole-transfer (Process 3, Fig. 1 ) is largely unaffected by the lm nanomorphology. Finally we show that an increase in total charge generation does not always correlate with superior device performance and that effective device performance can be hindered by poor charge extraction when the polymer concentration is low. The present ndings are discussed with relevance to the design and optimization of hybrid inorganic-organic solar cells.
Results and discussion
Active layers with different ratios of P3HT and CdS were prepared on glass substrates using a precursor-based fabrication route as previously reported. 13, 14 CdS:P3HT nanocomposite lms were prepared by spin coating a chlorobenzene solution containing varying ratios of Cd(S 2 COC 2 H 5 ) 2 (C 5 H 5 N) 2 and P3HT. The resultant lms were annealed at 160 C to generate the CdS:P3HT lms. Fig. 2 shows the steady state absorption spectra of the CdS:P3HT lms studied herein. The contribution to the absorption from CdS can be seen below 500 nm with a shoulder at approximately 460 nm and a further rise in absorption at shorter wavelengths. Characteristic P3HT absorption peaks are visible at 520 nm and 555 nm along with a further P3HT absorption peak at 607 nm which has been attributed to the p-p* transition as a result of p-stacking within more ordered regions of the polymer lm. 15 It is apparent from the data presented in Fig. 2 and S1 † that increasing CdS content within the lm, results in a reduction in the crystallinity of the P3HT within the lms.
Transmission electron microscopy measurements were conducted to determine the morphology of the CdS:P3HT nanocomposite lms. Fig. 3 shows the corresponding bright eld transmission electron microscopy (TEM) images for samples prepared at 30%, 50% and 70% volume CdS ( Fig. 3a-c , respectively). The samples display distinct morphologies with dark regions attributed to increased CdS content and lighter regions to P3HT. The CdS adopts a wurtzite hexagonal phase as shown by XRD.
9 At 30% CdS, signicant regions of phase segregated P3HT can be seen while the CdS appears to be relatively dispersed. We note that the phase separation observed is lateral not vertical, but distinguishing this difference is beyond the scope of this paper; we have assumed they are similar. Increasing the CdS content has the effect of reducing the length scale of phase separation thereby leading to a ner mixing of the two components as has been suggested before.
14,16
PL quenching measurements were performed on samples analogous to those presented in Fig. 2 . Increased quenching of P3HT excitons was observed with increasing CdS volume fractions (Fig. S2 †) . This behaviour is most likely due to a greater fraction of photogenerated excitons being formed in the vicinity (within the exciton diffusion length) of the CdS:P3HT heterojunction where charge separation can occur. Furthermore, this observation is in agreement with the TEM data shown in Fig. 3 , which indicates smaller P3HT domains as the CdS volume fraction is increased.
We now consider the inuence of lm morphology on the efficiency of charge separation. For this purpose, laser-based microsecond-millisecond transient absorption spectroscopy was used as described elsewhere in the literature. 17 In this study an excitation wavelength of 355 nm was used to generate electron-hole pairs primarily in the CdS and 550 nm was used to generate excitons solely in the P3HT. Pulsed laser excitation at either 355 nm or 550 nm resulted in the appearance of a broad transient absorption band centred at 950-1000 nm. We attribute this transient absorption band to the hole-polaron in the P3HT. 18 The charge recombination kinetics were determined by monitoring the decay of the transient absorption band at 980 nm back to ground state (see shows a plot of the magnitude of the 980 nm signal at 1 ms following excitation at 355 nm and 550 nm for samples containing different CdS volume fractions. Averages were taken of the change in absorbance from 0.9 ms to 1.1 ms corrected for the number of incident pump photons and the light harvesting efficiency of the lms. At 1 ms the magnitude of the signal becomes an assay for the number of long-lived charges generated, and is therefore a useful measure of the yield of charge separation. 18 It is apparent from the data shown in Fig. 4 , that the yield of photogenerated P3HT polarons is largely unaffected by lm nanomorphology upon sample excitation at 355 nm. In contrast, the yield of photogenerated P3HT polarons displays a strong dependence on morphology following excitation at 550 nm.
The next question that arises relates to the origin of the observations presented in Fig. 4 . We consider rst the charge generation process following optical excitation (at 550 nm) of the P3HT component. The current observations can be rationalised by considering the behaviour of the excited states within the polymer. The diffusion length constraints of excitons generated within organic semiconductors are well known and consequently there is a need for tight control of the nanostructure in order to facilitate a high yield of exciton dissociation and charge generation. 8 As the CdS loading is increased the P3HT domain size is reduced making the migration of excitons, formed within P3HT, more likely to reach an interface and subsequently increase the charge generation yield. It is noteworthy that a greater CdS content may result in a more crystalline character and a higher degree of interconnectivity within the CdS domains, both of which have been shown to lead to a more facile electron transfer process.
9,16
In contrast, charge generation following excitation of CdS at 355 nm shows little or no dependence on the morphology. Electron-hole pairs formed within inorganic materials, like CdS, are typically subject to a weaker coulomb attraction, possibly leading to generation of free charge carriers within the inorganic nanocrystal phase. 19 It is feasible that aer free charge carrier formation, the holes migrate to the inorganicorganic heterojunction to undergo a transfer process to the polymer. Moreover, the remarkably weak dependence of the charge generation yield (following 355 nm excitation) upon lm morphology implies that the diffusion length of the photogenerated CdS holes must be greater than the CdS domain size across all compositions studied herein. Such a picture is supported by reported hole mobilities in single crystal CdS as high as 15 cm 2 V À1 s À1 at room temperature. 20 This is signicantly higher than has been reported in P3HT and suggests that the movement of photogenerated holes in CdS is relatively unhindered. 21 More detailed studies addressing the mechanisms of charge generation within these systems are underway and will be reported on in due course.
We now consider the relationship between charge generation yield and photocurrent extraction as a function of lm nanomorphology. More specically, we compare the overall TAS yields with the short circuit currents (J SC 's) of the corresponding devices (Fig. 5) . TAS yields at excitation wavelengths, l, between 355 nm and 600 nm (DA(l)), obtained by averaging TAS kinetics between 0.9 ms and 1.1 ms and correcting for the incident Fig. 3 Bright field transmission electron microscopy images of CdS:P3HT blends taken at 30% CdS (a), 50% CdS (b) and 70% CdS (c) volume fractions. Fig. 4 Change in optical density averaged over 0.9 ms to 1.1 ms taken from transient absorption spectroscopy (TAS) kinetics measurements corrected for incident photons on sample and light harvesting efficiency. Samples pumped at 355 nm and 550 nm, and probed at 980 nm. photon ux (Fig. S4 †) , were used to calculate the relative approximate charge generation yield under AM 1.5 illumination (F rel ) for each sample as described in eqn (1),
where q p (l) is the incident photon ux of AM 1.5 sunlight at wavelength l. As the CdS content increases from 30% to 60% by volume we see an increase in the relative charge generation yield, beyond which, at 70%, a plateau is observed. The J SC rises with the increase in charge generation yield between 30% and 50% CdS content. At 60% and 70% CdS a plateau and reduction in current is visible leading to a signicant divergence with the charge generation yield in these samples. This discrepancy is thought to be the result of a reduction of the percolation through the P3HT phase trapping charge in 'islands' of P3HT within the active layer at high CdS loadings. It is also possible that crystalline P3HT, although not contributing greatly to polaron generation in samples with a low CdS loading, may be integral to the effective extraction of charges from the active layer of devices. The corresponding device data for the solar cells is shown in Fig. 6 and summarised in Table 1 where it can be seen that the greatest performance is achieved with an even volume blend of CdS and P3HT. Turning our attention to the 50% CdS:P3HT blend, we compare the light harvesting efficiency (LHE), charge generation and charge extraction properties at different wavelengths (Fig. 7a) . It can be seen that the TAS yields are well matched with the incident photon to electron conversion efficiency (IPCE) of the device suggesting that charge extraction is not dependent on excitation wavelength. We attribute the decrease in IPCE spectrum observed below 400 nm to a ltering of the incident light by layers only present in devices (ITO, TiO 2 layer and CdS seed layer, see Experimental section). On the other hand, both IPCE and charge yields show relative decrease compared to the light harvesting efficiency in regions where predominantly P3HT absorbs, conrming once more the less than optimal charge generation from P3HT excitons. Integrating the IPCE spectrum and using the simple assumption that absorption above and below 480 nm is solely carried out by the P3HT and CdS respectively (Fig. 7b) , the relative contribution to the current in a device from electron and hole transfer, respectively, can be estimated. Charges generated from excitation of CdS account for approximately 60% of the integrated IPCE and for close to 50% of the J SC under AM 1.5 illumination. This is a signicant contribution to the overall photocurrent, especially considering the lower photon ux at wavelengths below 480 nm than at longer wavelengths. We note that this 480 nm cut-off is not strictly accurate, but it is a valid simplication that highlights the differences between the organic and inorganic components. A route to achieving higher photocurrents in hybrid solar cells might therefore be to use inorganic absorbers with smaller band gaps to make better use of the efficient hole transfer process.
In summary we have reported on the relationship between nanomorphology and photophysical properties of in situ grown CdS:P3HT blends. Specically, we have demonstrated that nanomorphology may be controlled by altering the relative amounts of the active layer components. Through transient absorption studies we have shown that charge generation from P3HT excitons is heavily nanomorphology dependent while charge generation through hole transfer from CdS is largely unaffected by the morphology of the lm. The electron transfer process benets from small P3HT domain sizes while photocurrent extraction required for good photovoltaic devices relies on larger and/or more crystalline P3HT domains. Furthermore, charge generation from a hole transfer process appears to be a substantial contributor to the device current. Therefore, these ndings demonstrate a viable route to improve the efficiency of hybrid solar cells through an extension of the absorption spectrum of the inorganic component.
Experimental

Spectroscopic characterization
Steady state UV/vis absorption measurements were made with a Perkin-Elmer Lambda 25 Spectrophotometer. Photoluminescence measurements were made with a Horiba Jobin Yvon Fluorolog-2. Sample morphology was studied by transmission electron microscopy (TEM) using a JEOL 2000 MkII electron microscope operated at 200 kV. Films for TEM were fabricated on PEDOT:PSS (Ossila, AI 4083) itself spin coated onto glass to act as a water soluble sacricial substrate. Free oating lms were then transferred to copper grids for imaging in a 'top-down' fashion.
Transient absorption kinetics were measured by exciting the sample lm, under a dynamic nitrogen atmosphere, with an Nd:YAG laser or the output from an optical parametric oscillator (Oppolette) pumped by the Nd:YAG laser. The time duration of the pump-pulses was 20 ns. The excitation wavelengths used ranged from 355 nm to 600 nm, at intensities of $5-20 mJ cm
À2
and a repetition frequency of 20 Hz. A 100 W quartz halogen lamp (Bentham, IL 1) with a stabilized power supply (Bentham, 605) was used as a probe light source, with a probe wavelength of 980 nm used. The probe light passing through the sample lm was detected with a silicon photodiode (Hamamatsu Photonics, S1722-01). The signal from the photodiode was amplied before being passed through electronic band-pass lters (Costronics Electronics). The amplied signal was collected with a digital oscilloscope (Tektronics, TDS220), which was synchronized with a trigger signal from the pump laser pulse from a photodiode (Thorlabs Inc., DET210). To reduce stray light, scattered light, and sample emission, two monochromators and appropriate optical cutoff lters were placed before and aer the sample.
Device fabrication
Devices fabricated all utilised an inverted architecture with the following layers; ITO/TiO 2 /CdS/active layer (CdS:P3HT)/ PEDOT:PSS/Ag. Cadmium xanthate precursor was prepared as described elsewhere.
13 ITO sputtered substrates (Psiotec Ltd) were sonicated in, acetone, detergent, deionised water, and isopropanol. A solution of titanium isopropoxide (97%, Sigma Aldrich) and ethanolamine in 2-methoxyethanol was spun on substrates, which were then heated to 450 C. A solution of the CdS precursor dissolved in chlorobenzene was deposited over the TiO 2 layer by spin coating and annealed under N 2 at 160 C for 30 min in order to form the CdS layer. Chlorobenzene solutions of the CdS precursor and P3HT were mixed in varying proportions to facilitate the different volume ratios. These were then spun over the CdS layer followed by annealing at 160 C for 1 h. PEDOT:PSS (Ossila, AI 4083) was spun onto this layer before deposition of 150 nm Ag top electrode in vacuum.
Device characterisation
Current-voltage characteristics of the cells were measured using a 150 W xenon lamp (ScienceTech SS150Wsolar simulator) equipped with an IR lter (Water Filter) and AM 1.5 lter (ScienceTech). EQE measurements were conducted using irradiation from a quartz halogen lamp (Bentham IL1) ltered through an autonomous monochromator (Bentham M300). Current measurements were also conducted using a Keithley 2400 series source meter.
